This study was carried out in the Burkinabe Sahel aimed at studying contribution of the practice of supplemental irrigation (SI) via excavated rainwater harvesting basin (RWHB) for mitigating effect of rainfall variability on agricultural production and impact of these RWHB on the dynamics of the water table. This study was conducted during two growing seasons (2013 and 2014) and used a test plot cultivated in corn and fitted out with measuring instruments to analyze water transfer in the soil-plant-atmosphere system on the one hand and the atmosphere-RWHB-water table system on the other hand. Four treatments-one under rainfall regime (T0) and three under SI (T1, T2, and T3)-were used in the experimental design to assess the contribution of the RWHB in improving corn yield. These SI were applied during the mid-season of corn (flowering, pollination, and grain filling). Water flow beneath a partially waterproofed RWHB was assessed using HYDRUS-2D/3D program. Results showed that water stored in the RWHB allowed applying up to three SI, and increased corn yield up to 24% and 26% respectively in 2013 and 2014. However, SI targeting flowering and grain filling were the best scenarios to mitigate effect of dry spell in rainfed agriculture. Water flow under RWHB during the simulation period showed that dynamic of the saturated front depended on the magnitude of the water depth in the RWHB and the hydrodynamic characteristics of the underlying layers. Deep drainage was observed around 25th day after sowing (DAS) in 2013 and 45th DAS in 2014 according to water profile. This caused the decrease of the infiltration rate in the RWHB that was associated with a significant rise of 4% of the water table level ten days later in 2014. Recharge rate was estimated at 0.5 mm•d −1 during the mid-season and the late season of corn.
Introduction
In Burkina Faso, 80.4% of the working population depends on rainfed agriculture where study of [1] points out a reduction in rainfall amount of 15% to 30% during the 1970s and 1980s. The short rainy season in the Burkinabe Sahel (BS) is characterized by successive and recurrent dry spells affecting the growing and the development of crops. Besides, this decrease in rainfall coupled with soil degradation problem in the BS, as reported by [2] , contributed significantly to the reduction of local groundwater recharge [3] . Indeed, about 90% of arable land in the BS is strongly degraded [4] , causing thus, a reduction in the agricultural area and the decrease of the infiltrated water in the soil resulting in the increase of the runoff due to the crusting land. This soil degradation, combined with recurrent dry spells which BS faced since 1970s, threatened the food security of Sahelian farmers in the medium and long term.
In order to cope with this rainfall variability and soil degradation, Sahelian farmers had developed, around 1980s, various soil and water conservation techniques such as zaï and half-moon [5] for improving their food and water security. These techniques intended to increase water infiltration in the soil allowed the recovery of much uncultivated land estimated between 100,000 to 300,000 ha. [6] and [7] reported that cereal yield could be increased up to 69% with the technique of zaï. In addition, studies of [8] have reported on the basis of household surveys that these soil and water conservation techniques have locally contributed to recharging groundwater. However, in case of long dry spells of more than 2 to 3 weeks, these techniques were proved to be inefficient to mitigate effects of dry spells in rainfed agriculture [9] and to increase groundwater recharge due to the decrease of rainfall. In this sense, alternative techniques must be implemented to face this double challenge in the climatic context of BS in order to improve the livelihood of Sahelian farmers. Thus, studies of [10] suggested the practice of supplemental irrigation (SI) in arid and semi-arid areas where water was a scarce resource. But, the implementation of SI onfarm is a real challenge since less than 2% of Sahelian farmers benefit from irrigation dams and schemes. Nevertheless, the characteristics of Sahelian catchment areas (CAs) allow overcoming this problem.
In BS, rainfed crops' production fields are usually located downstream of low permeability CAs where the runoff rate can reach 40%. These CAs, through their hydrodynamic and topographic properties, are an important asset for the development of water harvesting technologies for various uses (agriculture, watering livestock, and groundwater recharge). Thus, to exploit this potential, the Ministry of Agriculture, Hydraulic and Fisheries Resources and the International Institute for Water and Environmental Engineering (2iE) developed a SI project for sustainable agricultural production. To achieve this goal, excavated rainwater harvesting basins (RWHB) were built in the Sahelian zone for the practice of SI on-farm during dry spells [11] . The technique involves collecting runoff in basins to irrigate rainfed crops. These basins, set up near crop fields, are often not accessible to farmers because of the high cost of implementation when they are fully water proof with tarpaulin. Therefore, to make this technology accessible and reproducible, partially waterproofed basins were implemented depending on the physical characteristics of the soil surface. This measure, which does not completely stop water losses by deep drainage, threatens the effectiveness of the RWHB to play their basic role in BS that is to mitigate dry spells in rainfed agriculture. However, RWHB can contribute to the implementation of a secondary role that is the groundwater recharge. Indeed, according to [12] , water storage structures or artificial recharge systems, implemented in many semi-arid areas (for instance in Asia), play a crucial role in increasing the groundwater recharge. The estimation of these contributions (agricultural and hydrological) can be the forerunner of the development of this technology in the Sudano-Sahelian zone of Burkina Faso where government plans to build ten thousand RWHB to help farmers to face the challenge of climate variability. The analysis of groundwater recharge is important because in the BS where most of the water resource is underground, the estimate of the renewal of aquifers is a major issue, but it is also a scientific and technical challenge notably by reason of the high spatial and temporal variability of rainfall and the hydrodynamic behavior of soil surface.
Several studies have been done in the arid and semi-arid areas for estimating groundwater recharge [12] - [14] from surface water and rainwater harvesting structures. The method based on the analysis of the fluctuations of the water table was widely applied in various weather conditions to determine short-and long-term changes in the groundwater recharge [12] [15] . According to the review of [16] on groundwater recharge in arid and semi-arid areas, the average recharge rate varied between 0.2 and 35 mm•year −1 for the large areas and up to 720 m•year −1 for the local recharge from ephemeral streams and lakes. This shows that local groundwater recharge technique is the best way to increase significantly groundwater recharge. In arid and semi-arid areas of Africa, groundwater recharge studies conducted based on chloride profile technique [16] . Several other studies were done in arid and semi-arid area of Africa using solute transfer and water balance method in unsaturated zone to estimate groundwater recharge from surface water but few or none of them were interested in the contribution of storage water structures such as partially waterproofed RWHB in increasing water table in Sahel.
The impact of water storage structures on groundwater recharge in the BS has never been properly understood in the past. This issue requires a robust way to analyze water flow in the vadose zone located between groundwater and the bottom of RWHB. Yet, according to [19] groundwater is hydraulically connected to surface water by the vadose zone. However, the water flow study in unsaturated porous media is very difficult and a numerical approach [20] is the best alternative among methods that were developed to estimate groundwater recharge and reported by [21] . In this sense, HYDRUS-2D/3D [22] was used to analyze the water flow under the monitored RWHB. This program is a robust tool suitable to study processes of water redistribution and losses in the soil. The HYDRUS model is used in several areas related to soils such as agronomy, mining, soil remediation, and hydrogeology [23] and has proved its accuracy to have good simulations. Thus, the present study aims especially at i) studying the contribution of excavated RWHB to mitigating the effect of dry spells on rainfed crop yield, and ii) analyzing the probable impact of this water storage structure on the dynamics of the underlying water table in order to bring out its potentialities in the pedoclimatic context of the BS where water stress is a major challenge.
Material and Methods

Study Area and Experimental Design
The study was carried out in the Sahelian zone of Burkina Faso where the annual rainfall varies between 400 and 600 mm. The Sahelian zone is characterized by two seasons: a long dry season which lasts 8 months (October to May) and a short rainy season which lasts 4 months (June to September). Sahelian landscapes are vast expanses ofbare soil, redto brown. The hydrographic network in the region is sparse and is concentrated in two main watersheds: the Nakanbe and the Niger sub-watershed. The Niger sub-watershed collects the main runoff of the region and drains it to the main ephemeral stream.
The experiment was conducted on a plot of 0.2 ha grown in corn (Zea mays (L.)) from June 30 to September 18, 2013 and from June 23 to September 10, 2014. Corn was chosen because of its high sensitivity to water stress and its ability to better use water than sorghum and millet usually grown in BS because of their resistance to drought. The tillable soil was sandy loam with 0.9% of organic matter and 1.6 g•cm −3 for the bulk density. Optimal agronomic practices recommended by the Institute of Environment and Agricultural Research in Burkina Faso were conducted during the experiment [11] .
Experimental plots were arranged in block Fisher with four SI scenarios by block: one under rainfed regime (T0), and three (T1, T2, and T3) under SI targeting the mid-season. SI was applied during the flowering and the pollination stages of corn for T1 and during the flowering and the grain filling stages for T2. With the scenario T3, SI was applied during the flowering, the pollination and the grain filling stages. Water supplies were made from a gravity irrigation system "semi-Californian" consisting of a main pipe and four secondary pipes supporting the valves installed at the top of each plot. Water depth of the SI varied between 30 and 51 mm according to corn water requirements determined from crop coefficient kc and the reference evapotranspiration during the midseason [24] . Climatic parameters (rainfall, temperature, relative humidity, solar radiation, reference evapotranspiration, etc.) were taken from weather station (WatchDog 2000) installed near to the experimental plot. A day was considered dry in this study if the rainfall recorded was below 10 mm. Water evaporation in the basin was determined from an evaporation pan (Class A) using a conversion coefficient of 0.7. Corn grain yield was estimated from three small squares of 1 m 2 per experimental plots.
The experimental site has a deep soil. The slope is less than 0.5% and the water table level was approximately 1300 cm and 1200 cm respectively at the beginning of rainy seasons of 2013 and 2014. Daily fluctuations of the water table in 2014 were monitored in two wells located at 25 m and 50 m from the RWHB using an acoustic probe. A device of tensiometer, and neutron tube access was used to measure the soil water content and the pressure head up to one meter, for the pressure head and up to six meter, for the water content. The daily pressure head profile was established in order to estimate the initial distribution of the pressure head in the analysis of the soil water transfer under HYDRUS program. The water content profile was used to evaluate the accuracy of HYDRUS model.
Characteristics of the Rainwater Harvesting Basin and Analysis of Groundwater Recharge
The RWHB selected in the present study was the one studied by [11] in truncated pyramid shape. Its characteristics are summarized in Table 1 . The catchment area collecting the water into the RWHB has a total area of 2.4 ha. The sides of the RWHB were concreted while the bottom was upholstered with a thin layer of clay. A gauge was installed for daily monitoring of the temporal variation of the water depth in the RWHB during the 2013 and 2014 agricultural seasons. Equation (1) was used to determine the water depth in the RWHB. 
Two ways were used to access groundwater recharge. The first was based on the water table fluctuation using the daily records of the water table level obtained with the acoustic probe. The second used water flow simulation results in the vadose zone between the water table and the bottom of the RWHB.
Physical Analysis of the Water Flow in the Vadose Zone by Using HYDRUS Program
Equation Governing the Water Flow
HYDRUS-2D/3D is a software package simulating two and three-dimensional water flow, heat movement, and transport in variably-saturated porous media. For water flow the program numerically solves the Richards equation defined by Equation (3):
where θ is the water content
, S is a sink term representing the root water uptake ]. For plan water flow in vertical section x 1 = x (horizontal coordinate) and x 2 = z (vertical coordinate). In an isotropic soil, 1
because the conductivity is diagonal. [25] widely used in several studies was also used in this study for setting the water retention (Equation (4)), and hydraulic conductivity (Equation (5)) functions.
where S e [−] is the effective water content defined from Equation (6): .
Initial and Boundary Conditions
The simulation was performed over 78 days, a period corresponding to the growing season of the cultivated corn (variety Barka). The initial condition was specified in terms of pressure head in the soil profile. This pressure Table 2 . van Genuchten-Mualem parameters. head was assumed to decrease linearly from the surface (−600 cm) to the lower boundary of simulation domain. Conditions at the upper limit of simulation domain (i.e. the bottom surface of basin) were governed by water infiltration in the basin. This latter depends on the available water in the RWHB and the hydrodynamic characteristics of this boundary. Thus, the bottom of the RWHB was set as a variable flux boundary condition (BC) corresponding to the daily water infiltration in the basin. Embankments of the RWHB were assigned to an atmospheric BC (rainfall, soil evaporation). The soil water evaporation was assumed equal to 0.4 cm•d −1
. Sides of the RWHB were considered as surfaces with no flux as well as the vertical boundaries of simulation domain. A constant and variable pressure head BC depending on the water table was assigned to the bottom of the simulation domain respectively in 2013 and 2014. The constant pressure head condition (h = 250 cm) applied to the lower boundary of the simulation domain in 2013 is due to that no piezometric test was performed in 2013. The variable pressure head applied in 2014 represented daily variation of the water table level. Figure 1 shows simulation domain and boundary condition (BC) applied.
Statistical Analysis and Evaluation of the Quality of Simulations
A significance test at 5% was performed statistically to assess the difference between corn yields according to the SI scenarios. In this purpose, the Analysis of Variance (ANOVA) was used under MINITAB 14.
For evaluating the accuracy of HYDRUS, the root mean square error (RMSE) was used. This statistic was estimated according to Equation (8):
where n is the sample size, obs θ , and The t-test of Student was also performed to show the difference between observed and simulated water content.
Results and Discussion
Results of this study were analyzed in two subsections. In the first sub-section, experimental results were presented to bring out the contribution of the basin to mitigating the effect of dry spells on corn production. As regards the second subsection, contribution of the basin to recharging groundwater was analyzed on basis of the water profiles established beneath basin. 
Contribution of Rainwater Harvesting Basin to Improving Corn Production
Fluctuation of the Available Water Depth and the Infiltration in the Basin According to Rainfall Records
The temporal evolution of the available water and the infiltration depths in the RWHB during 2013 and 2014 agricultural seasons are depicted in Figure 2 . Analysis of Figure 2 showed that the available water depth in the RWHB had fluctuated according to the frequency and the quantity of rainfall while infiltration rate depend on the available water in the basin. For the two growing seasons infiltration depth fluctuated on the average between 12% and 13% of the available water in the RWHB. The available water depth in the basin varied between 0 and 152 mm and did not dropped below 30 mm during the corn sensitive stage (40 -65 DAS). This allowed applying up to three SI during corn growing season with a water depth at least 30 mm. Fluctuations were more important during 2013 while in 2014 they were small for two consecutive dates. This could be explained by the fact that in 2013 the original soil texture at the bottom of the basin has contributed to the increase of the water infiltration. The saturated hydraulic conductivity was estimated at 10 cm•d . In 2014, this conductivity dropped due to silt sedimentation in the RWHB during 2013. So, the initial textural characteristics of the soil surface at the bottom of the basin in 2014 were those obtained at the end of 2013. The warping soil surface in the RWHB reduced the infiltration in those water storage structures. This dependence of the hydraulic performance of the water retention basins on infiltration is in agreement with study of [27] . Over the period following the mid-season, the available water depth in the basin was on the average 74 mm in 2013 against 103 mm in 2014.
Analysis of rainfall record showed periods of dry spell during the two corn growing seasons. During the midseason of corn (40 -65 DAS), two series of dry spells were observed and have a length of six to eight days. These dry spells correspond to the number of days receiving less than 10 mm per day of rainfall. In 2013 dry spells occurred between 44 -49 and 61 -67 DAS while they occurred between 44 -51 and 62 -68 DAS in 2014. These dry spells occurred during the sensitive period of corn, will affect corn yield as reported by [28] .
Corn Grain Yield according to Supplemental Irrigation Scenarios
Corn yields are summarized in Table 3 . The highest yields were noted in plots T1, T2 and T3 under SI and were due to the additional water. These additional water depths relative to T0 in 2013 were 96, 83, and 128 mm respectively for T1, T2, and T3 against respectively 96, 95, and 145 mm in 2014. However, the yields in 2013 and 2014 with two or three SI were not significantly different from those obtained in rainfed regime as shown in Table 3 thanks to the ANOVA (p-values > 0.05). This is due to the sowing dates which were made in the appropriate period suggested by [29] [30] in Burkina Faso for avoiding total loss of production in case of long dry spells. Nevertheless, SI increased grain yield from 400 to 1000 kg•ha
. This increase of corn yield was due to the additional water supplied by SI and also the effect of the two series of dry spells occurred in mid-season during corn growing season. The average contribution of SI in increasing corn yield was 21% in 2013 and 2014. The average contribution for three SI was respectively 24 and 26% in 2013 and 2014 against 19 and 17% for two SI. Thus, thanks to RWHB, the Sahelian farmers can produce corn; a crop neglected in favor of sorghum and millet because of its high sensitivity to water stress but valorizes better water than these cereals. This can diversify their cereal ration as showed [11] . In addition, the scenario of two SI can better allow farmers to practice market gardening at the end of the mid-season with the available water depth in the RWHB when corn is sowed in the third 10-day period in June. All this attest that in the BS, supplemental irrigation is the best way to better mitigate effect of dry spell even if seedling were made in the appropriate periods suggested for the BS.
Water Flow under Rainwater Harvesting Basin
Evaluation of Simulations
A comparison of the water content measured on an access tube located at 2 m of basin and the simulated water content under HYDRUS in 2014 showed that the program reproduced quite well water flow up to 100 cm deep but underestimated this one in depth (Figure 3) . A significant difference (p-value < 0.05) was observed between the measured water content and those simulated in depth. The position of the neutron tube access located downstream of the RWHB where surplus water was sometimes accumulated can explain this difference. However, this result was satisfactory given the complexity of the study of the water flow in unsaturated porous medium. The root mean square error was estimated at 0.1 cm 3 •cm −3
. Table  The fluctuation of the water table plays an important role in the water flow from the unsaturated zone. It can influence the water redistribution in the unsaturated zone which is prospected by crop roots especially when the water table is shallow. Depths of water table measured during 2014 are shown in Figure 4 . Analysis shows that the water table fluctuated between 1200 cm and 906 cm during the experimental period. The groundwater recharge became only significant after the 52nd DAS. At the 54th DAS, the water table level increased of about 4% for a total rainfall of 270 mm. This cumulative rainfall, representing approximately 61% of the total rainfall recorded during the experimental period, is partly responsible for this water table rising. Local contribution from another water source apart from thelocal percolation from rainfall is little expected because of the sparse hydrographic network [2] . The increase in the water table has influenced water availability in the basin during the period from 54 to 82 DAS as showed Figure 2 . The available water depth in the RWHB over this period was on the average 109 mm compared to 87 mm in the previous period. Greater water availability during this period including the most sensitive corn phases (the pollination and grain filling phases), is a considerable asset for practicing SI for a dose at least 50 mm. Thus, in the BS where the reference evapotranspiration is on the average 4 mm•d −1 during the agricultural season, corn water requirements can be satisfied at the mid-season over one dry dekad corresponding to 10-day period.
Dynamics of the Water
Contribution of the Rainwater Harvesting Basin to Groundwater Recharge
Water flow simulation below the RWHB showed a change in soil water content according to year and the corn growth stage (Figure 5 ).
In 2013 a higher velocity was observed during the initial stage of corn growth (5 to 10 DAS) resulting from the high infiltration rate during this time. This resulted in the total saturation to a depth of 800 cm around 20th DAS 
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compared to a saturation front at 500 cm only 5 days earlier. This dynamic is due to the relatively high hydraulic conductivity of the upper layers (9.4 cm•d −1 on the average) and was also observed by [31] . In addition, the water profile established at the 25th DAS showed complete saturation of all profile causing a percolation around 1150 cm. At that time a total intrusion of the recharge front was observed. This suggests that the water table will be continuously recharged as long as the basin is supplied with water. The constant pressure head condition applied to the lower boundary of the simulation domain was already used by many authors [20] [32]- [36] in studying groundwater recharge. However, those modeling studies of the water flow in vadose zone were carried out in 1-D (vertical flow).
In 2014, the fluctuation of the velocity is slower due to the sedimentation occurred during the previous agricultural season. This change in the surface hydraulic properties delayed the intrusion time of the saturation front in the water table. Water profiles showed discontinuity saturation in the soil during the initial stage (10 DAS) and the beginning of the pollination stage (40 -45 DAS). The saturation front/recharge reached the water table (superposition of water profiles) at 1197 cm around the 45th DAS. The intrusion combined with the discharge of excess water from the upper layers contributed to a certain percentage the significant rise of the water table occurring 10 days later. The increase of the water table caused not only a greater lateral flow compared to the period before intrusion but also greater water availability in the RWHB. This lateral water infiltration resulted from the pressure head due to the rise of the water table.
Boundary fluxes are presented in Figure 6 . Analysis showed that the water inflow through the lower limit of the simulation domain was observed until 24th DAS in 2013 followed by a water outflow during the remaining simulation period. In 2014, boundary fluxes showed a predominant water inflow compared to outflow before the intrusion period of the saturation front (48 DAS) and highly variable water fluxes beyond this period. Water fluxes integrated over the lower limit were equal to 6.6 cm
. Thus, on the basis of the cumulative boundary fluxes, the average outflow was estimated at 0.5 mm•d −1 during 2014. The importance of those fluxes depends on climate variability from one year to another, the depth to water table [34] and the hydrodynamic characteristics of the underlying soil profile. This local recharge cannot be generalized to the entire watershed but was consistent due to the proximity of piezometric wells and the sparse hydrographic network of the study area. Similar technologies were developed in some countries not to practice SI, but rather to contribute to the groundwater recharge by harvesting rainwater [37] [38] . Thus, the implementation of the ten thousand basins construction initiated by the Burkinabe government and its partners in the Sudano-Sahelian zone would inevitably affect the hydrology of watersheds. These basins, built in semi-arid environments such as the BS, will not allow only mitigating dry spells in rainfed agriculture, but will also allow local groundwater recharge which varied from 9% to 50% of basins' useful storage capacity according to [12] . In the geological formations consisting of mainly of basaltic rocks, the potential recharge is between 3% and 15% of the infiltrated water depth [14] . Also, the reduction of sediment, and flood flows to the downstream river system sometimes far from agrarian system are additional advantages.
However, further study of the relationship between surface water and groundwater (SW-GW) should be conducted in this area by combining hydrological, geological and ecological characteristics of the area. Neverthe- less, this modeling study of the unsaturated zone above the capillary fringe in a deep soil has shown the vital role that water storage structures play in rainfed agriculture and the groundwater recharge. Similarly, the groundwater recharge from direct rainfall infiltration, severely limited by the complexity of the unsaturated zone between SW-GW, and the state of soil degradation in BS, can be reinforced by water coming from these storage structures. However, other studies can be conducted to validate this contribution of the RWHB thanks to a dense piezometric network. Furthermore, analysis of the relationship between the size of the catchment collecting rainwater and the dynamics of the water in RWHB will be a considerable asset for these future studies.
Conclusions
This study, carried out in the semi-arid environment of Burkina Faso, helped to highlight the impact of the rainwater harvesting basins (RWHB) not only on the dynamics of the underlying water table but also in mitigating agricultural dry spells. Study of water flow under HYDRUS-2D/3D revealed a potential recharge of groundwater on the basis of water profiles established beneath the RWHB. During the two successive agricultural seasons of 2013 and 2014, a total saturation of the underlying soil profile of RWHB has occurred well before the corn pollination stage. This profile saturation caused greater water availability in the RWHB that allowed applying up to three supplemental irrigations during the mid-season of corn. Although seedling is made in appropriate periods to avoid considerable losses in production, supplemental irrigation has increased corn yields from 17% to 26% depending on the number of the supplemental irrigation and the year. Thus, the technology of the rainwater harvesting basins can not only allow securing farmers' production but also constitute a potential way for contributing to groundwater recharge in the Burkinabe Sahel.
This study which shows agronomic and hydrologic potentialities of the RWHB whose underlying soil profile has on the average a hydraulic conductivity of 12 cm•d −1 and a saturation point of 0.41 cm 3 •cm −3 constitutes not only a springboard for a sustainable development in the Burkinabe Sahel but also the beginning of other studies in this field.
